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A.  V,  Bean 
SUMMARY 

fl&a  turbines  operating  in  salt  laden  atmoapherea  (i.e.,  over  the 
Bsa)  oocasionally  enoountor  severe  oorroalon  of  the  turbine  blades.  The 
oauae  of  this  attack  la  attributed  to  ingested  sea-salt  oonibining  In  the 
oonijuatlon  ohaaiber  tdth  the  sulphur  in  the  ftisl  to  fom  aodluis  sulphate 
which  ia  deposited  on  the  turbine  blades  and  leads  to  oorroatve  attack. 
Laboratory  inveotigutlone  at  H.tJ.T.S.  have  involved  the  paoaage  over 
heated  opeohnene  of  ths  vapours  and  gases  (e.g, »  eodluiu  ohlorlde  and 
sulphur  dioxide)  that  vrare  thought  moat  likely  to  cause  oorrosion. 

Tests  at  950^0  indioatsd  that  nlokel-baso  alloys  low  in  ohromlun  were  very 
ouBoaptlble  to  attaok,  but  that  a  high  ohromlum  content  albirte  was  Insuffi- 
oient  to  etuiure  good  oorrooion  reSia^tmoe,'  Haweyery  thb  prasehoe  of 
adeijuate  anounts  of  alusdniun  in  the  alloys  appeared  to  be  benefioial,  . 

The  oorroalon  realstanoe  of  dobalt-base  alloys  woe  no  better  than  that 
of  niokel-boee  alloys. 

A  oorrouion  loeohonisin  is  pi'opoaed  whioh  Involves  the  depletion  of 
ohromlun  from  ths  surface  of  the  alloy  through  sulphide  foinuxtion  so 
leading  to  a  looaely-adherent  niekal  oxide  film.  Adequate  peroentagea 
of  aluminium  in  niokel-basa  Sllcya  axw,  thou^t  to  have  a  benefioial  effeot 
beoauae  aluminiua  does  not  fotia  a  stable  sulphide  and  is  therefora  always 
available  in  the  surface  layers  of  tho  alloy  to  font  protective  alunlnlum 
oxide. 
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1 .0  Introduotion 

Alloys  oased  on  iron,  nickel  or  cobalt  we  well  knovm  I'or  their 
good  resiatanoe  to  oxidation  at  tenperaturoa  of  1200°C  or  more.  Hov^ever, 
in  service,  corrosive  media  other  than  air  are  frequently  encountered  end 
can  lead  to  cataatrophio  component  failure. 

The  three  types  of  fuel  oommonly  used  in  turbines  are  coal,  fuel 
oil  and  diesel  oil  and  their  oombustion  produota  ore  found  to  contain  par- 
tloularly  reactive  elements  such  as  sulphur,  vanadium,  chlorine  and 
sodium  ,  Vanadium,  as  the  pentoxide,  collects  in  the  ashes  resulting 
from  the  oombustion  of  fuels  suoh  as  residual  oil  and  ooal  and  corrodes 
those  parts  with  which  it  comes  into  contact.  Sulphur  readily  enters 
iiito  conJjlnation  with  oxygen  and  sodium  to  form  sulphur  dioxide,  sulphur 
trioxlde  and  sodium  siUphate.  Corrosion  in  boilers  has  been  onoountered 
for  many  years  and  results  from  the  use  of  fuels  containing  relatively 
large  peroentagea  oi  vanadium,  sulphur  etc,  Coal,  for  example,  can  oon- 
tain  as  much  as  5  Ps*"  cent  sulphur. 

In  ooiipnrison,  fuel  oils  for  gas  turbines  have  sulphur  contents  of 
1  per  cent  or  less  Md  can  be  as  low  as  0, 1  per  oent  for  alroraf t  gas  tur¬ 
bine  applications^*^,  (ihe  speolflod  maximum  for  aviation  keroalne  ia 
0.2  per  cant  .but  invariably  the  oontent  is  less  than  0,1  per.  cent.)  In 
recent  years,-  however,  severe  corrosion  pf  gas  turbine  rator  and  stator 
blades  has  oboasionally  been  reported  and  is  giving  cause  for  oonoem. 

This  oorroslon  has  ocourred  on  the  blades  of  turbines  operating  Ir,  salt 
laden  atmospheres  (l.o,,  oporating  over  the  sea)  and  appears  to  be  asso¬ 
ciated  with  salt  ingested  into  the  engine. 

The  N.O.T.E,  Materials  Department  beoame  interested  in  this  problem 
following  a  report  by  the  United  States  Navy  that  turbine  blade  oorrosion 
oould  be  eliminated  by  the  use  of  cobalt  alloys  instead  of  nlokol  all.oys^. 
Following  discussions  between  the  Admiralty  and  the  Bureau  of  Ships  in 
Washington,  it  transpired  that  this  olaim  was  not  based  on  any  experimen¬ 
tal  evldenoe.  It  was  therefore  dooided  to  examine  the  problem  and 
determine  the  laboratory  oorroslon  reslstanoe  of  blade  alloys  and  of 
oompoaltlons  potentially  resistant  to  sea-salt  corrosion, 

2,0  Review  of  aorroslon  oxbcricrje  in  British  eivzinoe 

Some  of  the  earliest  engine  tests  under  simulated  sea-air  oonditions 
were  carried  out  by  Bristol  Siddeley  Englnee  Limited  in  1 955  using  their 
Marine  Proteus  ervglne2,5,o^  -fliis  tui-bine  has  wide  usage  in  powering  fast 
Naval  oraft  and  was  particularly  susceptible  to  sea-salt  ingestion  due  to 
the  air  Intake  being  positioned  near  to  the  level  of  the  sea.  Engine 
testing  lasted  225  hr  using  a  diesel  fuel  containing  0,57  per  oent  sulphur 
and  sea  water  injeotion  to  give  a  salt  concentration  of  1,0?  p.p.m.  in  the 
intake  air,  iixamination,  after  completion  of  the  test,  j-evealed  that  the 
Ninonlc  90  noszle  guide  vanes  had  experienced  considerable  corrosion, 
Laboratory  Investigations  of  the  deposits  on  the  atator  segments  showed 
that  6,3  par  cent  was  water  soluble  and  was  chiefly  con^osed  of  sodium 
sulphate  plus  a  little  calcium  and  magnesium  sulphate.  No  ohloridb  was 
present.  The  non-solubles  oonslsted  of  the  oxides  of  nlokel,  oebalt, 
titanium,  iron,  chromium,  aluminium  and  silloon.  A  small  amount  of 
oarbonaoeous  material  (thought  to  be  carbonised  fuel)  was  also  present. 
X-ray  diffraction  etadisa  showed  the  outer  oorrosion  layer  to  be  largely 
nickel  oxide  (NiO)  wdth  cobalt  sulphide  (COsS*)  present.  The  intermediate 
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layer  contained  nickel  and  nickel  aulphide  (NiaSu)  and  v/as  substantially 
metallic  and  maj/netic,  I'he  maznctic  state  indicated  a  loss  of  ohromium 
from  this  layer* 

The  important  feature  of  the  test  was  the  presence  of  8  per  cent 
sodium  sulphate  in  the  deposits  found  on  the  nozalo  guide  vanes.  It  is 

probable  that  this  sulphate  was  formed  in  the  combustion  ohainber  as  a 
result  of  interaction  of  sodium  chloride  from  the  sea-salt  vdth  sulphur 
dioxide  (or  trioxide)  derived  from  the  sulphur  in  the  fuel.  The  absence 
of  attack  on  tlie  first  stage  and  subsequent  rotor  blades  la  aignifloant, 

In  the  Proteus  engine  test  the  stator  blades,  operating  at  900  to  930  0, 
were  considerably  more  susceptible  to  corrosive  attack  ^han  the  subsequent 
rotor  and  stator  blades  that  v/ere  operating  at  least  80  C  lower,  thus 
inuioating  the  influence  that  temperature  may  play. in  promotin"  attack, 

2 

Other  early  experiments  were  carried  out  by  Metropolitan  Vickers 
vfith  their  (iatrlc  engine  in  MOB.  2009,  the  first  gas  turbine-poT/ered  sea 
oraft.  The  purpose  of  these  trials  was  to  determine  the  problems  result¬ 
ing  through  salt  ingestion  into  suoh  engines.  Despite  air  inlet  design 
roodif loatlon,  considerable  amounts  of  sea-salt  entered  the  engine  and 
slight  oorroaion  of  the  nozale  guide  vanes  (manufaotured  from  Nimonio  80) 
was  encountered.  Analysis  of  the  corrosion  products  showed  that  they 
oonsistod  of  approximately  95  por  oent  nickel  sulphate  (NiSO,*  7HjO),  b-  per 
oent  sodium  chloride,  and  about  1  per  oent  oarbonaoeous  matter, 

2 

Trials  were  also  oarried  out  with  a  Metropolitan  Viokors  02  engine 
in  H.M.a,  'Bold  Pathfinder'.  Particularly  severe  oonditione  wore 
encountered  in  this  test,  and  melting  of  the  noed.e  guide  vanes  (Ni^^o 
boa)  was  encountered  due  to  overheating  to  tempera turoo  of  about 
for  short  periods.  Blodes  that  had  not  been  heated  above  65O  to  670  C 
wore  unattaoked.  Blades  that  had  reached  temperatures  in  excess  of  850 
to  870°C  showed  very  marked  corrosion,  choraotcrised  by  a  green  deposit. 
Analysis  of  the  deposits  revealed  a  predominenco  of  sodium  sulphate  with 
traoes  of  niokol  and  ohromium. 

More  recently  (1961),  Napier  Aero  Engines  Limited^,  carried  out 
helioopter  trials  using  their  Gazelle  101  engine.  After  ''50  hr  hover^g, 
of  which  30  hr  was  actually  over  the  sea,  the  Nimonlc  100  blades  showed 
nibble  edgas  and  slight  greenish  eoale.  Further  teste'^’*^  v?lth  oon- 
. trolled  sea  T/ater  ingestion  \vere  also  oarried  out.  The  Initiu  ru^ng 
used  ingestion  equivalent  to  25.  A-  p.p.m,  of  salt,  but,  due  to  toop  in 
engine  power,  the  ingestion  was  subeequently  reduced  to  less  t^ 

The  fuel  used  had  a  sulphur  content  of  approximately  1  per  oent.  After 
30  hr,  severe  corrosion  of  the  Nimonio  100  first  stap  rotor  blades, 
particularly  along  the  trailing  edges,  had  occurred  (see  Ilgure  1). 
lllorosoopio  study  revealed  that  the  corroded  areas  consisted  of  an  outer 
loosely-adhering  oxide  scale  over  a  metal  xB.us  oxide  layer,  beneath 
this  intermediate  layer  a  finely  dispersed  layer  (pnoba^y  sulphide) 
embedded  in  the  matrix  oould  be  seen  (see  Pi^^ure  2).  The  few  naval 
helicopters  in  current  service  are  powered  by  Nimbus  engines  v.hich 
apparently  have  not  encountered  corrosion.  The  use  of  low  sulphur 
(^.1  per  oent)  Avoat  fuel,  short  flying  durations  and  frequent  e^toe 
Liapeotlon  and  component  replaoemont  may  minimise  any  coi-rosion  effeoxs. 

Similar  corrosion  was  reported  by  Bristol  Siddeley 
Limited,  10  after  more  recent  trials  with  their  Proteus 
in  H.M.S.  'Brave  Borderer'.  After  over  700  hr  running,  pitting  on  the 
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surface  of  the  Nimonic  90  rotor  blades  v.'at-  detected  and  led  to  a  full 
laboratory  examination.  i'’iy^u-e  3  shows  a  typical  blade  removed  from  the 
engine.  A  section  thrcutjh  n  corroded  area,  about  0.03  in,  diameter  and 
O.OOA  in,  deep,  is  shovsi  in  i'l^xre  4.  I’he  outermost  layer  consisted 
entirely  of  oxide  whereas  the  innermost  was  found  to  be  chromium  sulphide 
which  had  a  typical  grey  appearance.  The  intermediate  layer  was  darker 
in  colour  and  was  thought  to  be  a  mixture  of  sulphide  and  oxide. 

The  easo  with  v/hich  corrosion  attac!:  can  unexpectedly  occur  in  ser¬ 
vice  is  well  illustrated  in  i'isures  5  6.  In  this  case  omission  to 

replace  a  hatch  resulted  in  substantial  amounts  of  sea  water  being  ingested 
into  a  Proteus  engine  installed  in  H.M.S.  'Dravo  norderer'^.  A  segnent  of 
a  first  stage  stator  showing  severe  corrosion  of  the  Nimonic  90  blades  is 
illustrated  in  Figure  5. 

The  most  recently  encountered  oatasti-opliio  failure  occurred  in  an 
Allen  turbine  alternator  inatalled  in  an  Aslianti  class  frigate” 

Miorosoopic  examination  again  showed  typiceil  sea-salt  corrosion.  The 
deposits  were  found  to  contain  sulphur  and  sodium.  Analysis  of  the  scale 
is  shown  in  Table  I  and  may  be  compared  with  the  normal  alloy  oomposition. 
The  probability  of  excessive  tenperaturea  being  incurred  during  the  opera¬ 
tion  of  this  engine  is  of  particular  significance,  again  indicating  the 
effect  that  high  temperattu’es  may  have  in  assisting  corrosive  attack. 

All  the  corrosion  examples  oited  above  occurred  in  gas  turbine 
engines  installed  in  sea  craft  vdiioh  understandably  ingest  air  heavily 
laden  \d.th  salt.  No  turbine  blade  corrosion  has  been  experienced  in  air¬ 
craft  engines  of  the  Fleet  Air  ArmZ,  Because  deck  running  time  is  .quite 
limited  and  soa-salt  ccncentration  falls  off  rapidly  with  hoiglit  above  sea 
level  engine  running  will  be  mostly  in  unpolluted  air , 

li'rom  tho  engine  oqjorienoe  certain  oonoluoions  can  bo  drawn  concern¬ 
ing  tho  nature  of  this  corrosion.  Those  are  summarised  bolow;- 

(a)  I’Uels  used  in  gas  turbines  installed  in  sea-faring  craft  can 
contain  as  much  as  0,6  por  cent  sulphur  but  under  normal 
conditions  (i.o.,  no  salt  Ingostion)  this  doos  not  result  in 
corrosion  of  tho  turbine  blodeo, 

(b)  Ingestion  of  even  very  small  amounts  of  sea-salt  (i,e,, 

1  p.p.m. )  oan  result  in  severe  corrosion  of  turbine  blading. 
This  has  become  known  as  'sea-salt  corrosion'.  'L'ypioal 
gga-salt  Eiay  contain  as  much  as  BO  jier  cent  sodium  chloride 
with  small  quantities  of  other  salts  (see  Table  II). 

(o)  Analysis  of  deposits  found  on  corroded  blades  reveals  sub¬ 
stantial  amounts  of  sodium  sulphate  but  usually  no  sodium 
chloride.  It  apposorn  that  the  sodium  chloride  present  in 
the  ingested  sea-salt  combines  v/ith  the  sulphur  in  the  fuel 
to  form' sodium  sulpliate  which  is  finally  deposited  on  the 
stator  and  rotor  blades, 

(d)  Corrosion  appears  as  a  heavy  outer  oxide  scale  over  an 

intermediate  layer  of  oxide  plus  sulphide.  Tho  innermos  # 
layer  is  comprised  of  chromium  sulphide  which  is  formed 
pi'eferentlaily  to  nickel  sulplxide.  The  presence  oi  sul¬ 
phide  in  the  corrosion  products  indicates  the  slgnifioant 
part  sodium  sulphate  may  play  in  promoting  attack. 
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(e)  Sea-3olt  corrosion  of  blades  that  do  not  roach  particularly 
hitjh  temperatures  (^850  C)  (i.e.,  second  asid  subsequent 
stages  of  rotors  and  stators)  has  not  been  reported,  whereas 
engines  whioh  have  overheated  often  showed  very  severe  cor¬ 
rosion  of  the  nozd.e  guide  vajies  and  first  stage  rotors. 
Therefore  temperature  may  have  a  marked  influenoo  in  the 
initiation  and  degree  of  corrosion. 

(f)  T>irbine  blades  manufactured  from  a  ranyo  of  nickel-base 
alloys  (i.e, ,  Nimonios  80,  OOA,  90  nnd  100)  have  been 
corroded  in  engine  trials  in  salt  laden  atraospheres.  This 
suggests  that  no  ourront  rotor  blade  alloy  possesses  out¬ 
standingly  good  resistance  to  this  type  of  oorroaion. 


Laboratory  investications  of  sea-salt  corrosion 


Although  sodium  sulphate  is  quite  innocuous,  tlia  presanoa  of 
certain  in^urlties,  eapeoially  sodium  chloride,  could  load  to  corrosion 
of  gas  turbine  blades.  Accepting  this  liypotheais,  many  investiga¬ 
tors"' •Jj'lA-,  15  have  studied  the  corrosive  effects  of  sodium  sulphate/ 
sodium  ohloride  mixtures  on  various  turbine  blade  materials.  Testing 
has  involved  the  half- immersion  of  oyllndrloal  apeolmens  in  salt  mix¬ 
tures  at  temperatures  up  to  1000°0  for  durations  of  1  to  88  hr.  Salt 
mixtures  ranging  in  oompoaltion  from  pure  sodium  sulphate  to  50  per  oent.- 
by  weight  sodium  ohloride  have  been  used,  slthough  It  has  bee^n  su^eatcd 
that  salt  mlxturos  oontolnlng  0,5  to  1,0  per  oent  chloride  have  a  corro¬ 
sive  effect  similar  to  the  deposits  found  on  blades  in  service. 


The  most  comprehensive  corrosion  study  with  salt  mixtures  was 
oarried  out  by  Lewis  end  Smith15  in  whioh  they  dotarmined  the  effect  of 
salt  mixtures  containing  0  to  50  per  oent  oodj.um  ohloride  on  various 
nickel -base  alloys  at  temperatures  from  700  to  10CX)  C,  Results  obtained 
with  salt  mixturoB  low  in  oliloride  boro  no  relation  to  results  obtained 
>ri.th  mixtures  containing  high  percentages  of  oldoride.  True  alloy  oom- 
parison  was  therefore  Irrpossible,  This  is  \/9ll  illustrated  by  oomparing 
the  data  shown  in  Figuras  6  and  7,  Comparison  between  the  voxious  inves¬ 
tigators  also  yields  widely  differing  oonolusions.  It  is  clear  from  the 
available  data  that  the  Nimonlo  type  alloys  (no  data  available  for 
Nlmonio  115)  s*"®  vulnerable  to  attack  in  ealt  mixtures. 


Due  to  tho  high  volatility  of  sodium  ohloride  and  its  readiness 
to  combine  with  sulphur  from  tho  fuel,  its  absence  from  analysed  deposits 
on  blades  is  not  unexpected.  It  has  been  recently  su^ssted  that  sea- 
salt  particles  present  in  tho  seoondary  air  supplied  to  the  oonbustion  ^ 
chamber  may  still  exist  as  particles  upon  reaching  the  first  blade  stages  . 
However,  this  still  remains  to  be  verified.  Salt  particles  successful 
in  reaching  the  turbine  would  also  have  to  penetrate  the  sulphate  deposit 
in  order  to  trigger  reaction  between  blade  alloy  and  sulphate  deposit. 
Therefore,  although  sodium  chloride  readily  initiates  the  corrosion  of 
niokel  alloy  speoimens  half-immersed  in  salt  mixtures  it  is  for  from 
oonolusive  that  a  similar  phenomenon  occurs  in  aervioe. 


Simple  laboratory  tents  show  that  carbon,  like  sodium  chloride, 
is  able  to  initiate  corrosion  of  nickel  alloys  by  sodium  sulphate.  It  is 
possible,  therefore,  for  carbon  to  have  a  similar  effect  in  the  gis  tur¬ 
bine  where  Incandosoont  particles  of"  carbon  passing  through  the  engine  are 
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deposited  on  the  first  row  stators  and  rotors  ,  and  are  therefore  readily 
available  to  reduce  the  sodium- sulphate, 

4.0  Laboratory  Investlaations  at  N.tr.T.E. 

A  research  programme  was  initiated  to  determine  the  relative  resis¬ 
tance  of  various  nickel  and  cobalt  base  alloys  to  sea-salt  oorrosion  and 
also  to  shed  further  light  on  the  mechanism  of  attack.  The  'half- 
immersion'  type  of  test,  using  mixtures  of  sodium  sulphate  ajid  sodium 
chloride,  vre^s  not  cnnsldored  to  be  sufficiently  real'‘stic  and  attempts 
have  been  made  at  N,J.1.E.  to  produce  oorrosion  conditions  in  the  labora¬ 
tory  more  similar  to  those  occurring  in  service.  Tests  have  involved  the 
passage"  over  heated  test  specimens  of  gases  and  vapours  thought  most 
likely  to  cause  corrosion.  A  suitable  rig  v/as  designed  and  built  and  is 
shoviTi  diagrammaticolly  in  Figure  8, 

The  apparatus  consists  essentially  of  a  long  alumina  tube  passing 
through  two  independently  oontrolled  furnaces  with  a  means  for  introducing 
gaseous  sulphur  dioxide,  sodium  ohloride  vapour,  and  water  vapour  into  the 
airstream.  Sodium  ohloride  'was  Introduoed  into  the  gas  stream  by  passing 
air  through  and  over  lusips  of  sodium  cliloride  dispersed  in  alumina,  heated 
to  a  knov/n  temperature  In  the  first  furnace  (Tube  A).  Reasonable  tem¬ 
perature  control  (lire)  was  attained  over  much  of  the  length  ("l^-  in.)  of 
each  furnaoe  by  using  three  separately-wound  furnace  elements.  The 
second  furnaoe  (Tube  B)  was  used  for  heating  tv.u  oyllndrloal  spsoj^ns 
(generally  1  ora  diameter  x  2  om  long)  to  the  tost  temperature  (t1  0). 

A  gas  flow  rate  of  4  lltres/min  saturated  with  water  vapour  was 
used  for  all  testa.  By  salooting  a  suitable  temperature,  the  vapour 
pressure  of  sodium  chloride,  and  therefore  the  amount  of  vapour  taken  up 
by  the  air,  could  be  adjusted  to  the  requisite  amount,  A  graph  relating 
vapour  pressure  and  temperature  for  sodium  oliloride  ^  is  shown  in 
Figure  9.  Temperatures  of  6l6  and  692  C  gave  salt  contents  of  5  end 
50  p.p.m,  in  the  gas  stream.  In  service  the  amount  of  salt  Ingested  into 
an  engine  la  quite  variable,  depending  on  proximity  to  sea,  and  severity 
of  wind  and  sea  turbulence.  Under  widely  differing  conditions  the  amount 
of  salt  ingested  can  vary  between  1  and  upwards  of  25  p.p.m.  For  this 
reason  laboratory  tests  have  been  carried  out  using  salt  contents  of 
5  and  50  p.p.m,  in  "the  gas  stream.  Analytical  oheoks  on  the  salt  content 
verified  those  oonoontratlons, 

Oaseous  sulphur  dioxide  is  introduoed  into  the  gas  atresm  between 
Tubas  A  and  B  aa  shovm  in  Figure  8.  The  lowest  flow  rate  used  gave  a 
sulphur  dioxide  content  of  about  0.045  per  cent  which  is  equivalent  to 
about  ten  times  that  likely  to  be  foujid  in  the  oombustion  chamber  of  an 
aircraft  ^as  turbine.  'Hie  gas  stream  containing  sodium  ohloride  vapour, 
sulnhur  dioxide,  and  water  vapour  now  passes  along  Tube  B  and  over  the 
heated  alloy  specimens.  Using  this  apparatus  corrosion  tests  have  been 
cerried  out  at  temperatures  up  to  1000®C  for  duration  of  100  hr  or  more 
and  the  results  obtained  are  reported  below. 

Comparative  laboratory  half-tmm.erslon  testa  (using  a  75  per  cent 
sodium  sulpliate,  25  per  cent  sodium  ohloride  mixtui’e)  were  also  carried 
out  on  various  nioUol  and  cobalt  bgse  alloys  in  the  form  of  oylindriool 
specimens  immersed  for  1  hr  at  950  C. 
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5. 0  Laboratory  test  results 

A  preliminai'y  series  of  testa  vrere  carried  out  at  95C)°C  using  a 
sodium  chloride  concentration  of  5  p.p.m.  and  a  sulphur  dioxide  concen¬ 
tration  of  0.01*.5  per  cent.  ‘These  concentrations  are  approximately  ten 
times  those  likely  to  be  encountered  in  a  turbine  operating  in  normal 
conditions  just  above  the  sea.  These  initial  tests  on  some  typical  tur¬ 
bine  blade  alloys  resulted  in  ne^igible  corrosion,  Carbon  was  tlierefore 
introduced  into  the  experiment  to  determine  whether  its  presence  hud  a 
triggering  effect  on  the  corrosion  reaction,  Cylindrioel  spaoimene  vrara 
given  dip  coatings  of  graphitic  ooi'bon  suspended  in  ethyl  alcohgl  ('Dag') 
and  then  exposed  to  the  gas  stream.  Prolonged  exposure  at  950  C  resulted 
in  substantial  attack  on  the  same  alloys, 

Metollographio  examination  revealed  that  alloy  specimens  corroded 
in  these  laboratory  tests  had  experienced  corrosion  very  siinilai'  in 
appearanoQ  to  that  encountered  in  service  on  similar  alloys,  This  is 
wall  illustrated  by  oonqsaring  Figures  10  and  11  vdth  Figure  2,  Beneath 
the  outer  looaoly-adheront  oxide  scale  a  layer  oonaisting  of  a  mixture  of 
blaok  oxide  and  grey  sulphide  oan  bo  clearly  aeon,  "Fingers"  of  grey 
aulphido  penetrating  into  the  underlying  alloy  matrix  form  the  innermost 
layer.  The  preoenoe  of  sulphate  in  the  outermost  eoalo  was  oheinioally 
identified. 

The  roaulte  obtained  for  a  number  of  nickel  and  cobalt  base  alloys 
at  950°C  for  durations  up  to  100  hr  or  more  are  summarisod  in  Table  III, 
Typical  oompoaltiona  of  the  various  alloys  tested  ore  given  in  Appendix  !• 
Nimonics  75>  80A  and  90  vrore  found  to  have  good  resistance  to  attack  under 
the  tost  conditions.  Nimonlc  100  with  a  oliromium  content  of  10  to  12  per 
cent  (compared  with  about  20  per  cent  for  Nimonios  75»  80A  and  90)  has 
particularly  poor  resistance.  The  casting  alloy,  Nlmooast  258,  of  simi¬ 
lar  oompositlon  to  Nimonio  100,  v/ns  also  found  to  have  poor  rosistMco  to 
corrosion.  Evidently  the  high  ulimlnium  content  (5  to  6  pur  oent)  of 
Nimonio  100  and  Nimoenst  258  does  not  compensate  for  low  olircmlum  content. 
In  comparison,  Nimonics  105  and  115,  having  intermediate  chromium  contents 
(~15  per  cent)  but  similar  aluminium  contents  ('-5  per  cent),  showed  very 
good  corrosion  resistance, 

Se’/aral  other  niokel-baso  alloys  (i,e. ,  C26,  Alloy  C,  04-74,  •  EEDj  3 
and  ohromlum-niokel  (60/40)),  wore  included  in  the  tests  althou^  they  are 
unlikely  to  be  oonaidered  for  turbine  blade  applications  because  of  their 
brittleness  or  inadequate  strength,  Of  these  alloys,  C26  has  the  lowest 
chromium  content  (10  per  cent)  but  possesses  an  unusually  high  aluminium 
content  (11  per  cent)  which  may  account  for  its  extremely  good  resistance 
to  attack.  In  comparison,  alloys  'C  and  E474,  possessing  high  ohromium 
contents  (17  and  27  per  oent  respectively)  but  no  aluminium,  show  only 
fail'  corrosion  resistance,  Similerly  the  simple  60  per  cent  chromium 
40  per  oent  nickel  alloy  had  very  poor  resistance  and  was  charactoristed 
by  a  loosely-adherent  scale.  However,  EPD13  having  similar  composition 
to  Niraonic  8OA  but  with  additional  ohromium  (30  per  oent  total)  generally 
had  good  corrosion  resistance.  The  first  batoh  (a)  of  EE’D13  alloy  sup¬ 
plied  by  the  manufacturer  (Henry  lYiggin  and  Company  Limited)  was  found  to 
ha've  inferior  corrosion  resistance  to  material  subsequently  suppllod 
(Batoh  B).  Hoivever  analysis  indicated  that  both  batches  were  from  the 
same  mel't. 
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Aopai'ently  a  hi(/h  ohromiiun  content  alone  io  insufficient  to  ensure 
nood.  resistance  to  sea-salt  corrosion.  Alloys  v;ith  lo'/  cliroiiiiura  cortonts 
or-c  very  auceeptible  to  attack  (e.g. ,  liimonic  1C0  and  Nimooaot  258).  It 
may  be  inferred  that  alloys  low  in  chromium  (e.g. ,  Alloy  026)  require 
higher  aluminium  contents  than  that  present  in  Nimonlo  100  to  ansui'e  equi¬ 
valent  corrosion  resistance  to  those  containing  moderate  or  high  ciiromium 
contents  (c.g. ,  15  to  20  per  cent  in  Kimonics  75,  80A,  90,  105  and  115). 

Niiponio  75  contains  negligible  aluminium  or  titanium  but  the  absence 
of  molybdenum  and  tungsten  which  are  found  in  substantial  amoTuits  in 
several  of  the  alloys  tasted  may  account  lor  its  good  corrosion  resistance. 
The  presence  of  6  per  cent  molybdenum  and  7  per  oent.timgsten  respeotivaly 
in  the  cobalt-base  alloys  1*22/19  and  X1*0  may  account  for  their  poor  resis¬ 
tance  to  corrosion  attack.  In  comparison,  another  cobalt  alloy  Unioo  50, 
^^hich  contains  no  molybdenum  or  tungsten,  showed  good  resistance.  Under 
normal  oxidising  oonditions,  however,  moderate  additions  of  tungsten  arid 
molybdenum  are  not  generally  considered  to  have  an  adverse  effect  on  the 
oxidation  rosistanoo  of  either  nickel  or  cobalt  alloys.  However,  their 
ability  at  elevated  temperatures  (above  SCO  C)  to  promote  catastrophic 
o^ddation  is  well  known. 

Tv/o  theories  have  been  proposed  to  account  for  this  effect  with 
alloys  containing  at  least  1*.  per  cent  of  molybdenum.  One  theory"' °  pro¬ 
poses  the  formation  of  low  melting  point  oxide  eutectics,  iilolybdenum 
trioxide  molts  at  790®C  and  the  molybdenum  trioxide/iron  oxide  euteotio, 
for  example,  mslta  at  about  730  C,  The  presence  of  a  liquid  phase  on  the 
surface  of  on  alloy  has  a  most  deleterious  effect  on  oxidation  resistanoe, 
Sevoro  oxidation  in  still  air  above  800  C  has  also  been  attributed  “  to 
the  possible  dissooiation  of  molybdenum  trioxide  into  molybdenum  dioxide 
and  vary  jroactivo  nascent  oxygon  (I'.oOa  i  I'oOa  +  '0').  iho  largo  amount 
of  oxygon  available  in  moving  air  effootivoly  prevents  the  formation  of 
the  lov/or  molybdenum  oxide.  Any  inability  or  difficulty  to  form  a  truly 
protective  scale  in  nimulated  sea-salt  oonditions  might  woll  bo  aooontu- 
atod  by  tho  formation  of,  for  inntanoo,  molybdenum  trioxido. 


A  serios  of  testa  was  carried  out  at  a  higher  testini^  temperature 
viz.  1000°C  using  similiu’  salt  ond  sulphur  dioxide  contents  (i.e., 

5  p.p.m,  and  0.045  per  cent  respectively).  A  slight  increase  in  the 
corrosion  rate  was  apparent  (see'  Table  IV)  but  no  alteration  in  the  order 
of  merit  resulted  for  the  limited  number  of  alloys  available  for 
comparison. 


Perhaps  of  more  signifioanoe  vwre  the  results  of  tests  oarried  out 
at  950'’c  v/ith  a  considerably  increased  sodium  chloride  and  sulphur  dioxide 
contents  viz.  50  p.p.m.  and  0..',5  psr  cent  respectively.  These  concentra¬ 
tions  are  about  x100  greater  than  those  likely  to  be  encountered  by  air¬ 
craft  gas  turbines  operating  over  the  sea.  Inspection  of  the  results 
given  in  Table  V,  where  comparison  can  also  be  made  with  aimilar  labora¬ 
tory  tests  at  lower  vapour  concentrations,  immediately  reveals  a  very 
severe  increase  in  corrosion  for  most  alloys.  Under  such  extrema  condi¬ 
tions  even  the  most  resistant  alloy,  EPD13,  experienced  significant 
attack  (weight  loss  of  6.9  mg/cm‘).  Even  more  noteworthy  is  the  poor 
resistanoe  to  corrosion  exliibited  by  alloys  such  as  Kimonio  105, 

Nimonio  115  ajid  C26.  which  had  shovm  up  very  favourably  in  the  earlier 
tests  with  lower  salt  and  sulphur  dioxide  conoentr-ations. 
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The  results  of  hulf-imtr.ersion  tests  using  a  salt  mixture  of  75  per 
cent  sodium  sulphate,  ;md  25  per  cent  sodium  chloride  ore  given  in 
Table  VI,  Alloys  tested  for  1  hr  at  950  0  were  either  unattaoked  or 
severely  ooiYoded,  The  results  bear  little  relationship  to  those 
obtained  in  the  simulated  laboratory  tests  at  the  same  temperatures,  as 
seen  by  the  markedly  different  orders  of  merit  (see  Table  VI). 

Considering  the  long  durations  of  testing  (up  to  100  hr  or  more), 
results  obtained  at  950  C  uith  5  p.p.m,  concentration  shov;  reasonable 
reproducibility  for  specimens  experiencing  relatively  small  amounts  of 
oorroaion  (i.e.,  less  than  about  5  mg/cm®  weight  loss  after  descaling). 
Hov;evor  alloys  experiencing  quite  severe  attack  i.e,,  £1-7^4-  and  chrcmiimv^ 
nickel  (60/qo)  showed  fairly  large  scatter  in  the  few  tests  carried  out, 
Genei'ally  only  a  fev/  samples  of  each  alloy  were  tested  and  accurate 
assessment  oi  the  reproducibility  of  this  type  of  teat  can  only  be 
achieved  by  testing,  say,  10  aamples  of  each  alloy  at  a  given  tost  tem¬ 
perature  and  vapour  concentration, 

6.0  Diaoassion  of  mechanism  of  attack 


Both  laboratory  and  engine  testa  have  shown  that  the  pi'esence  of 
sodium  sulphate  in  tho  gas  turbine  resulting  frem  sea-salt  ingestion  oan 
load  to  a  ohoraoteriatio  attack  known  as  'sea-solt'  corrosion.  It  has 
bean  demonstrated  at  N.G.T.E. ,  and  by  other  investigators,  that  sodium 
sulphate  alone  is  qulto  unroactivo  whan  in  contact  with  niokel  alloy 
speoimons,  but,  tho  prooenoe  of  a  suitable  triggering  agent  oon  result  in 
savers  oorroaion  of  alloy  spaoimens,  A  meohanism  has  bean  proposed  by 
Simona  ot  al^^  for  the  corrosion  of  alloy  steels  in  tlie  presenoo  of  sodium 
sulphate.  It  is  thought  thf<t  a  similar  moclianism  of  attack  may  apply  in 
the  corrosion  of  rotor  and  stator  blades  of  gas  turbines  operating  over 
tho  aoa  and  is  devoloiscd  below, 

Interaction  between  aodium  chloride  (from  the  sea-salt)  and  sulphur 
(from  the  fuel)  occurs  in  the  combustion  oheunber  of  the  gas  turbino,  and 
can  be  written  in  the  following  simplified  form. 


2NaC(  +  'S'  +  2'H'  +  20a 
“iiaa  30^  +  2h0£  ■•••  (i) 


The  sulphur  and  hydrogen  are  available  from  the  combusting  fuel  either  in 
the  nascent  form  os  in  Equation  (l)  or  in  coirlblnation  with  oxygen  as  sul¬ 
phur  dioxide  and  viator  vapour,  Kree  energy  (fl/l)  considerations  predict 
that  this  reaction  is  thermcdynamioally  possible  but,  of  course,  do  not 
give  any  real  indication  of  the  roaction  kinetics. 

The  combustion  products  containing  sodium  sulphate  vapour,  hj'dro- 
chloric  acid  va-our,  viatei'  vapour,  sulphur  c'.ioxide,  sulphur  trioxide,  and 
incandescent  carbon  poi'ticles  paas  from  the  combustion  chamber  into  the 
first  stages  of  the  turbine  where  some  of  the  sodium  sulphate  and.  carbon 
are  deposited  on  the  relatively  cool  elude  surfaces.  The  initial 
triggering  action  involves  reduction  of  the  sodium  sulphate  oy  a  reduc¬ 
ing  agent,  suoh  as  oarbon,  present  in  the  deposit  and  m-a;.'  be  represented 
as  follows:- 
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21IaaS04  +  60  +  303-*2HajO  +  6C0a  +  2'S'  ....  (2) 

At  a  'blado  temperature  of  about  1000°C  thermodynainio  oonsiderations 
ahoT/  that  this  reaction  ahould  readily  occur.  The  free  energy  change 
(iG-)  is  about  -80  ICcal/mole, 

The  aulphur  product  formed  in  Equation  (2)  is  immediately  free  to 
oombine  vri.th  the  underlying  bltdo  alloy  to  form  metal  sulphides,  thuei- 

2  Or  +  3  'S’  CraSa  ....  (3) 

and  possibly  Ki  +  'S'  -»  Ni  3 

Chr;.nlun  sulpliide  forma  more  readily  than  nickel  sulphide  because  of 
the  considerably  greater  reactivity  of  chromium  (and  therefore  greater  free 
energy  of  reaction).  However,  if  the  chromium  content  of  the  alloy  is  low 
the  abundance  of  nickel  available  for  reaction  enables  nickel  sulphide  to 
f  rm  (Law  of  Hass  Action) .  A  similar  situation  twy  also  arise  vdiore  ohro- 
mium  may  bo  depleted  at  the  surface  layer  by  oxidation  or  at  grain  boun¬ 
daries  by  oarbide  prooipitation,  or  during  severe  corrosion  \'diere  locally 
the  ohromiua  content  may  be  reduced  to  a  low  level  due  to  excessive  chro¬ 
mium  oulphido  formation,  Hwevor,  loss  of  ofiromium  from  the  alloy  matrix 
through  sulphide  formation  pi'oduces  a  concentration  gradient  between  the 
corroded  sone  and  the  bulk  of  the  alloy.  Because  of  this,  ohi’onlum 
diffusion  into  the  areas  denuded  of  chromium  ooours  and  becomes  available 
for  further  sulphide  formation.  .biy  nickel  sulphide  so  formed  is  there¬ 
fore  likely  to  be  reduced  by  newly  available  ohromiumi- 


3  KIS  +  2  Cr  -♦  CrgSa  +  3  Ni  ....  (4) 


This  explormtion  of  sulphide  attack  is  borne  out  in  sorvloe  \diere 
niokel  sulphlds  is  not  usually  found  in  the  oorrosion  products. 

The  metal  sulphide  formed  in  the  above  v/ay  is  now  available  to  oom¬ 
bine  with  either  free  sodium  sulphate  or  free  oxygen  in  the  oombustion 
products  of  the  gas  turbine.  'fho  roaotion  between  chromium  sulphide  and 
sodium  sulphate, 


Na3So4  +  CrBSg  -.Cra03  +  WagO  +  4S  .*■•  (5) 

22 

has  been  proposed  by  other  investigators  .  However ,  free  energy  oon¬ 

siderations  give  no  support  to  this  tlieury  since  the  reuotion  would 
involve  a  large  and  positive  energy  change  (+4(1),  More  correotly. 
Equation  (5)  should  bo  written  with  reactants  and  products  reversed.  A 
similar  situation  occurs  with  niokel  substituted  for  ohromium. 

It  is  more  likely  thnt  the  relatively  siimde  reaction  between  ohro¬ 
mium  sulphide  and  oxygen 


-  13  - 


Repoit  No,  R.  267 


2CraSa  +  90a  2Cra0a  +  6S0a 


(6) 


will  ooour. 

This  reaction  is  strongly  possible  from  thermodynamic  consideration 
and  has  also  been  leported  in  the  literature^’' ,  The  formation  of  chro¬ 
mium  sulphate  is  also  possible.  However,  a  limited  supply  of  oxygen  may 
be  essential  for  sulphate  formation, 


CrgSQ  +  60a  “+  Crg  (SO4  )a 


Nickel  oxide,  with  oliromio  oxide  in  the  outer  loosely-odherent 
scale  may  bo  readily  formed  by  combination  of  nickel  from  the  blade  alloy 
(vAilch  has  been  heavily  impoverished  of  protective  chromium)  with  oxygen 
in  the  following  wayj- 


2Ni  +  O9  -♦  2N10 


This  proposed  meohaiiism,  based  on  thermodynamio  considerations  has 
not  included  the  many  side  reactions  ^vhioh  are  quite  likely  to  ooour. 

It  does,  however,  give  a  reasonable  outline  of  the  corrosion  attack 
involving  formation  of  a  reactive  siaphur  species  througli  reduction  of 
sodium  sulphate  deposits  on  the  blade  curfaoe.  It  is  this  sulphur 
species  which  readily  combines  Y;ith  the  underlying  blade  alloy  to  form 
sulphide  fingers  that  penetrate  into  the  matrix  and  eventually  become 
available  for  enhanced  oxidation. 

The  formation  of  nlokgl/nickel  sulphide  euteotic  with  a  particu¬ 
larly  low  melting  point  (644  c)  has  been  proposed  by  investigators  as 
being  the  cause  of  enhanced  oxidation"  20^  theory  ouggests  that 

metal  dissolved  in  the  eutectic  mixture  would  be  highly  reactive  towards 
oxygen  aapooiully  as  a  truly  protective  film  eeldom  forms  on  a  liquid. 

The  two  stage  oxidation  process  may  be  written  ae  followai- 

(i)  Solution  of  metal  Ni  +  HiS  -♦  Ni/NlS  eutectic 

(il)  Oxidation  Ni,^iS  +  -» NiO  +  NiS 

This  mechanism  postulates  oxidation  of  the  nickel  dissolved  in  the 
eutectin  rather  than  the  nickel  sulphide. 

Generally,  nr  evidence  is  found  that  a  liquid  phase  has  formed 
during  corrosion  in  service  at  say,  850°C,  This  is  not  unreasonable  if  • 
chromium  sulphide  is  fonned  preferentially  to  nickel  sulphide.  Chromium 
sulphide  (melting  point  1550°C)  does  form  a  metal/metal  sulphide  eutectic 
which  melts  at  l35o''c,  a  tenperature  considerably  higlier  than  that 
encountered  by  rotor  or  stator  blades  in  service.  The  formation  of  a 
low  melting  nickel/niokel  sulphide  phase  (644  C)  is  often  identified 
in  laboratory  half-immersion  tests  using  sodium  sulphate/sodium  chloride 
mlxtures'4,l3,  and  especially  when  attack  is  severe. 
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Sxperimental  data  indicates  that  the  nluminiun  content  of  tj'plcal 
nickel-base  alloys  appears  to  have  a  significant  influence  on  resistance 
to  saa-aalt  corrosion,  especially  \vith  alloys  lew  in  chromium.  The 
oxidation  resistance  of  typical  niokel-base  alloys  (i,e,,  the  Nimonio 
series)  is  known  to  be  accounted  for  by  the  physical  characteristics  of 
the  chromic  oxide/nickel  oxide  layer  formed  on  the  alloy  surface.  With 
chromium  contents  of  10  per  cent  or  more  a  'spinel'  typo  structure  is 
formed'  between  the  nickel  oxide  and  chromic  oxide  which  is  extremely 
impervious  to  oxygen  and  is  tenaciously  held  to  the  alloy  sui’faoe.  Addi¬ 
tions  of  aluminium  to  nickel-chromium  alloys  result  in  a  further  spinel 
bolng  formed  between  the  nickel  oxide  and  aluminium  oxide  v/hich  is  consi- 
doi'ed  to  give  even  greater  protection  to  the  underlying  alloy,  A  non¬ 
spinel  type  structure  is  also  foimed  between  the  cl-iromlo  oxide  and  alu¬ 
minium  oxide  wlilch  is  less  protective. 

Alloys  of  low  or  uoro  aluminium  content  dopond  entirely  on  the 
nickel  oxide/ohromio  oxide  spinel  for  protection  of  the  substrate  against 
oxidation.  Damage  to  this  protective  spinel  does  not  result  in  rapid 
oxidation  of  the  alloy  because  fresh  iirporvioue  spinel  la  immediately 
formed  through  oxidation  of  the  alloy  surface,  However,  the  absenoe  of 
chromium  in  the  surface  loyora  of  the  alloy  through  sulphide  formation 
results  in  the  nickel  matrix  being  exposed  to  sevego  oxidation,  bsoause 
niokel  oxldo  alone  affords  no  proteotion  above  800  C, 

Laboratory  tests  have  Indioated  that  adequate  percentages  of  alumi¬ 
nium  have  a  beneficial  effect  on  tho  reoietance  of  niokel  alloys  to  ssa- 
solt  corrosion.  It  is  suggested  thut  oiuminlum  may  do  this  by  being 
unable  to  form  a  stable  sulphide  under  the  prevailing  oonditions.  Alumi¬ 
nium  would,  therefore,  always  bo  available  in  the  surface  layers  of  the 
alloy  to  form  aluminium  oxide  v/hich  alone,  or  in  oombinatlon  v/ith  niokel 
oxide  as  a  spinel,  would  act  as  a  protective  bai'rier  against  the  corrosive 
environment.  Evidence  as  to  the  ability" of  aluminium  to  form  a  stable 
sulphide  is  rather  scanty  and  there  is  certainly  no  useful  thermodynamic 
date  available.  Several  Investigators^Z  have  reported  thot  aluminium 
sulphide  readily  decomposes  in  air  and  is  reduced  by  iron  and  copper, 

It  appears  thei-eforo  that  aluminium  sulphide  is  unlikely  to  be  found  in 
corrosion  products  but  may  break  down  to  form  proteotivo  aluminium  oxldo. 
Several  investigators  ha"ve  experimented  with  aluminised  and  ohromised 
coatings  on  typical  gas  turbino  rotor  blade  alloys  ,  Nimonic  90  aiid 

Nimonio  115)  in  full  scale  rig23  and  laboratory  hulf-immorsion 
tests'' 24,  Pack  cementation  techniques  are  preferred  for  applying  the 
coating.  In  half-immersion  tests  using  the  most  reactive  salt  mixture 
(75  per  cent  sodium  sulphate,  25  por  cent  sodium  chloride)  coatings 
generally  had  lives  of  from  1  to  16  hr  at  900  C,  In  rig  tests,  aluminised 
coatings  remained  protective  for  up  to  20  hr.  A  single  laboratory  tost 
at  N.G.r.E.  using  a  pack  id.ui..inigod  Nii:.onic  90  specimen  under  simulated 
conditions  ^rith  a  salt  concentration  of  25  p.p.m.  (sulphur  dioxide 
0.225  per  cent)  indicated  that  the  coating  gave  satisfactory  protection  at 
950°C  for  the  test  duration  (IOO  hr), 

7,0  Further  work 

Investigatory  work  at  N.G.T.E.  into  the  resistance  of  high  tempera¬ 
ture  alloys  to  sea— salt  oori*oslon  was  proniptod  by  the  need  to  substantiate 
the  claim  of  tho  United  States  Navy  that  cobalt  alloys  had  superior  roais- 
tanoo  to  niokel  alloys.  Research  has  gone  further  than  this  and  attempts 
have  been  made  to  shod  further  light  on  the  mechanism  of  attack  and  tho 
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factors  influencing  the  corrosion  resistance  of  the  various  alloys  tested. 
Three  lines  of  further  research  are  possible, 

(a)  Kore  accurate  determination  of  the  influence  of  alloy  com¬ 
position  on  corrosion  resistance  using  alloys  with  con¬ 
trolled  additions. 

(b)  More  comprehensive  research  into  the  Influence  of  atmosphere 
composition  and  concentration  in  promoting  oorroslon  at 
elevated  temperatures  in  simulated  laboratory  tests, 

(o)  The  development  and  evaluation  of  coatings  that  ore  resist¬ 
ant  to  sea-salt  corrosion. 

8,0  Oono^iston 

A  laboratory  te&t  in  which  air,  sodium  chloride  vapour,  etc.,  ore 
passed  over  various  high  temporature  alloys  has  been  shovm  to  reproduce 
corrosion  in  the  laboratory  similar  to  that  Vihioh  ooours  in  gas  turbines 
operating  over  the  sea.  The  results  obtained  do  not  oubstemtiate  the 
original  United  States  Navy  contention  that  oobalt-baae  alloye  have 
superior  corrosion  rbsist'anoe  to  niokel-base  alloys.  The  susceptibility 
of  nickel  alloys  to  corrosion  under  simulated  laboratory  conditions 
generally  appears  to  be  influenced  by  the  aluminium  and  chromium  contents 
of  the  alloys  and  is  in  asreoment  vri.th  the  corrosion  meohanism  proposed. 


The  author  gratefully  acknowledges  the  assistanoe  given  by 
Hr.  J,  E.  Korthivood  in  the  preparation  of  the  photoiTilorographs, 
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'JARLE  I 


Chemloal  analysis  of  aosle  on 
Ashanti  turbine  bladea 


Per  oent  by  V(eijiht  of  olaments  in  scale 


Elemont 

i 

Firat-atage  ! 

stator  blades 
(Himooast  90)  i 

1 

Pirat-stago 
rotor  blades 
(Nimonio  90) 

j.^3ical 
OoapoBition 
of  Nimonio  90 
and 

Nimocast  90 

No.  2 

No.  k  1 

A 

B 

•C.G.I 

.  Woolv?loh  spootrogeaphio  analyses 

. i 

, . 1 

■ 

At 

10.0 

B.O  i 

11.5 

9.5 

1.2 

B 

1.0 

1.0  ; 

0.5 

^  <0.5 

- 

Cd 

SlilGHT  ! 

TIiACE 

Co 

6.0 

4»5  j 

3.5 

3.0 

16,0 

Or 

20.0 

15.5  1 

9.0 

7.5 

20.0 

Cu 

1.5 

1.0  1 

1.5 

1.5 

0.5 

Fo 

10.0 

8.0  1 

23.0 

;  19.5 

5.0 

l-in 

0.5 

<0.5  1 

0.5 

1  0.5 

0.3 

Ni 

25.0 

26.0 

17.5 

;  16,5 

BAL 

Fb 

1.5 

1.0 

2.5 

2.0 

- 

Ti 

<1.0 

<1.0  ] 

2.5 

2.0 

2.6 

V 

0.5 

0.5 

0.5 

0.5 

- 

Si 

! 

1 

6.0 

3.0 

0.6 

N.O.T.E.  Analyses 

Si 

(0.7)* 

i 

- 

- 

SOa 

12.5 

9.0 

26.1 

■  26.3 

Na 

0.7 

:  0.5 

L- 

3.1 

3.6 

li 

I 

i 

i 

i 

|i 


r 

li 


I 


N,B,  *liVoffi  analysis  of  a  portion  of  scale  taken  from 
another  first-stage  stator 
blade  (No.  6) 


Constituent 


Sodium 

Chlorine 

&{agneslum 

Calcium 

Potassium 

Sulphate,  So* 

Bromine 

Iron 

Carbonate,  CO3 

pH 


Gonoentration  in  parts  per  million 


Locality  of  sampiling 


25 

Kure  Jeaoh 
North  Carolina 

10,590 
19,200 
1,292 
404 
403 
2 , 664 
67 

negligible 

ne^igibla 

7.7 


North  Pacifio^^ 

10, 722 
19,337 
1,207 
417 
382 
2,705 
66 

7 
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TABLE  III 


Resulta  of  simulated  laboratory  sea-salt 
corrosion  tesba  at  950°C  ^th 
5  P.P.n..  salt  ooncentratlon 


Gas  flow  rates  and  conditions ■- 
Air  saturated  v/itli 

water  vapour  4  litres/mln 

Sulphur  dioxide  0,045  per  cent  By  volume 

Sodiiun  chloride  5  p.p.m.  by  weight 

A  ®raphi+.a  coating  was  applied  to  all  speoijr.enB  prior  to  testing. 


Alloj/ 

I 

Tost  duration 
hours 

Weight  less*  j 
mg/on? 

Ni-bosa 

. .  '  ; 

Nimonic  75 

72 

r  r  Ii 

1 

; 

100 

2.5 

r  Nimonic  OOA 

72 

6.9  Ii 

1; 

100 

5.3  I 

1; 

1 

100 

6.0  ;j 

; 

250 

8.1  ;! 

i  Nimonic  90 

72 

4.6  \\ 

100 

3.8  '! 

1 

100 

11 

|: 

,  Nimonlo  100 

72 

36.3  1.! 

Nimonic  105 

ion 

1.6  i| 

100 

!; 

I 

150 

1.3  ■; 

j  Nimonic  115 

100 

1.6  1' 

I' 

100 

4.3 

!i  Nickel/Chromium  (80/20) 

100 

1.1 

1 

100 

2.9  i 

Nimocast  258 

72 

101.0  i: 

1 

EPD1 3  (Batch  A) 

72 

8.7 

72 

15.8 

!  EPD1 3  (Batch  B) 

100 

3.7  ; 

116 

0.9 

116 

3.6  ! 

■  E474 

100 

4.9 

100 

29.1 

inFflfflBrnniHiuniliinai’''  i. .  jii 
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TABLE  III  (cont'd) 


Alloy^ 

Teat  duration 
liours 

weit^t  loss*  i! 
mg/om“  p 

Alloy  G 

76 

8.5  ii 

Chroniium/lllckel  (60/40) 

76 

20;  8 

100 

8.5  ! 

1C0 

22.7  i 

100 

51.0 

Alloy  C26 

76 

0.0  I 

:  100 

0.3 

Co-baee 

Umoo  50  (oaat) 

100 

0.0 

Umoo  50  (forged) 

100 

2.3 

100 

3.5 

X40  (oaat) 

24 

4.5 

72 

16.3 

100 

17.4 

422/19 

24 

3.3  i 

100 

17.6  i 

^Seo  Appendix  I  for  oompoaitionn  used 

*Soo  Appendix  II  for  methoda  for  scale 
removal  after  testing 
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■TABLE  IV 

Results  of  ainulated  laborator'y  nea-salt 
corrosion  tests  at  1000*^0  ^th 
5  P.'u.m.  salt  concentration 


Gas  flow  rates  and  conditions 
Air  saturated  with 

water  vapoui'  4  litres/mln 

Sulphur  dioxide  0,0/^5  xoer  cent  by  volume 

Sodiviin  chloride  5  p.p.  m,  by  wight 

A  (iraphita  coating  v/as  applied  to  all  specimens  prior  to  testing, 


i  Alloy 

I 

Test  d\n?atlon 

. . i 

Neight  loss  | 

hours 

mg/om" 

Nlokel-baae 

1 

1 

Kimonio  75 

'I 

100 

,  j,  ■ 

2  1 

I 

Nimonjo  115 

100 

2.6 

I:  EPD1 5  (Batch  B) 

2A 

2.7 

ij 

■i  Cobolt-baso 

100 

5.5 

i  .  Umoo  50  (forged) 

24 

6.0 

I 

')  *  *  •- 

100 

9.0 

ii  X40 

!i 

100 

40, 4  ; 

1 

.  .1 

a 


m 


-2k.- 
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TABLE  V 


Comparative  performance  of  varloua  nlokel  and 
cobalt  allova  In  BiinLLl.ated  laboratory  corrosion  testa 
at  950  and  lOOC^C 


Gas  flow  rates  and  conditions s- 

Air  saturated  *¥lth 
water  vapour 

Sulphur  dioxide 

Sodium  chloride 

Test  duration 

A  graphite  coating  was  applied  to 


k  litrea/mln 
0,1-5  pGr  cent  by  volume 
50  p.p.m,  by  weight 
■too  hours 

all  speolmena  prior  to  testing. 


j 

Weight  loss  mg/om® 

1 

'  Alloy 

50  p,p.m. 

5  p.p.m. 

5  ;p.p.ni. 

salt  ooncen- 

salt*  uonoen- 

saltr  ooncen- 

! 

tration  95^  C 

tration  950  C 

tration  1000  C 

1  Nl-baae 

.  Mimonlo  7*? 

12,2 

2.5 

4.2 

1  Nlmonio  90 

59.4 

3.0;4.4 

- 

Himonio  '105 

91.4 

1  Nimonio  't'tS 

106,0;  21 1,7 

1.6;4.3 

2, 6 

'  EPDI 3  (aatoh  E) 

6,9 

3,7j'^,9;~3.6 

5.5 

1 

42,3 

4,9;29.1 

- 

;  aioy  c 

111,1 

>8.5 

- 

1  Chronium/i^ickel  (60/A0) 

44.3 

8.5:22.7:51.0 

- 

ii  Alloy  C26 

95.3 

0.3 

Co-base 

1'  Umoo  50  (oast) 

26.0 

0.0;2.J 

- 

1;  Umoo  50  (forged) 

3.0 

3.5 

9.0 

1  122/19 

5.0 

17.6 

- 

ji  Oobalt/Chromium  (80/20) 

24,0 

< 

i 

•Results  from  Table  III 
^Results  from  Table  IV 
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TABLE  VI 

Results  of  Itiboratory  half- Immersion  corrosion 
teats  In  sulphate/chloride  mixtures 

Test  conditions  Composition  of  salt  mixture 

sodium  sulphate  75  psr  oont 
sodium  chloride  25  poi*  cent 
Test  temperature  950°C 

Duration  1  hour 


Weight  loss  mg/om® 


Alloy 

*  i 

Half-immersion  test  ^ 

Simulated  laboratory 
test  100  hr/950  0 

Ni“baaa 

•  i 

■ 

Nimonia  90 

211 

3.6}4.4 

Kiokol/Clu’omlum  (  80/20) 

0.-4 

1. 1)2.9 

e;^74 

0.7 

9)29.1 

Alloy  c  ■  •  • 

■  •  12.8  • 

•  •  .  >8.5 

Chromium/hiokel  (60/i*D) 

0.6 

8.5)22.7)51.0 

Alloy  026 

126 

0.3 

Co-base 

Uraoo  50  (cast) 

145;155 

0.0;  2, 3 

Umco  50  (forged) 

2.  2;  5.1 

3.5 

XAO 

<1.0 

17.4 

422/19 

<1.0 

17.6 

•Results  from  Table  III 
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APPENDIX  II 


Methods  applied  for  descaling  of  nickel  and 
cobalt  alloys  after  corroalon  testing 


(a)  Electrolytic  deaoallng^ln  molten  sodium  hydroxide,  sodium  carbonate 
mixture  (50/50)  at  Ji.50  C,  The  corroded  apeolmen  was  made  the 
cathode,  and  its  nickel  container  used  as  the  anode.  Reduction 
of  the  metal  oxides  to  the  m.etal  by  sodium  ions  occurred,  the 
T’  duced  metal  being  remioved  by  brushing.  I.etal  sulphides  v/ore 
similarly  reduced. 


KaOH  Na"^  +  (OH) 


At  cathode 


HiO  +  2Na'^  -*  Ni  +  NajO 


NaaO  +  HaO  -+  2NaOH 


Hov/ever  this  method  was  not  found  entirely  satisfactory  for  cobalt 
alloys  as  they  were  susoeptiblc  to  greater  unoorroded  metal  loss. 
Other  techniques  were  therefore  used  for  these  alloys, 

(b)  Immersion  in  a  warm  (6o/70°C)  acidified  sodium  fluoride  solution, 
made  by  diseolvinB  k-  grams  of  sodium  fluoride  in  a  mixture  of 

to  mis  cone.  HliOa  and  06  mis  '  atcr, 

This  technique  vms  very  efl'ectlve  for  cobalt  Umco  50  alloy  but 
additional  abrasion  vms  nccous’u-y  Tritti  other  cobalt  alloys, 

(c)  Electrolytic  descaling  in  diluted  5  per  cent  sulphuric  acid 
solution  v;as  found  to  be  quite  effective  for  scale  removal  with 
most  specimens  corroded  in  sulphate-chloride  salt  mixtures.  The 
specimen  is  made  the  cathode  and  the  preaenee  of  an  inhibitor, 
diortho-thiotolylurea,  further  minimised  unoorroded  metal  loss 
through  aoid  attack.  Scale  removal  results  from  the  prising 
effect  of  hydrogen  evolved  at  the  motal/scale  interface. 
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FIGS.  I  &  2 


IG.  I 


CORRODED  NIMONIC  lOO  ROTOR  BLADE 
REMOVED  FROM  GAZELLE  lOI  ENGINE 
AFTER  SALT  WATER  INGESTION  TRIALS, 

IG.  2 


SECTION  THROUGH  CORRODED  AREA 
ON  NIMONIC  lOO  BLADE. 


VIEW  OF  NIMOMC  90  ROTOR  BLADE 
REMOVED  FROM  BRISTOL  PROTEUS  ENGINE 
AFTER  OVER  700  HRS  OPERATION 
IN  H.M.S  BRAVE  BORDERER. 


FIG.  4 


SECTION  THROUGH  SURFACE  PITTING 
ON  NIMONIC  90  BLADE  CLEARLY  REVEALING 
SULPHIDE  PENETRATION  INTO  THE  ALLOY. 


FIG.  5 


UJ 


FIRST  STAGE  NIMONiC  90  STATOR  SEGMENT 
REMOVED  FROM  MARINE  PROTEUS  ENGINE 
AFTER  SEVERE  SEA -WATER  INGESTION 


y 

I 


FIG 

'j) 

i 


0-5  pep  „  ®0«OM 

«NT  SP0,UM  CHL0P,0.  M,xr« 


FIG.  7 


^BROKEN  UNES  SHOW  OXIDATION  IN  AIR.]) 

EFFECT  OF  TEMPERATURE  ON  THE  CORROSION  RESISTANCE 
OF  VARIOUS  NICKEL  BASE  ALLOYS  TO  SODIUM  SULPHATE, 
25  PER  CENT  SODIUM  CHLORIDE  MIXTURES 


FIG.  8 


REf  |5-  65 


—  OUTER  CORROSION 


'■  -.1 


/  LAYER  CONSISTING  ..j 
Ol^  OXIDE  ♦  SULPHIOI  ! 


I 


7 


0  fk 


X  500 


NICKEL  EPD  13  ALLOY  (BATCH  A) 


OUTER  CORROSION 
LAYER  cmSiSTINO 
'or  OaOE  •  SULPH16 


SEVERE  PENETRATIO. 


MTO  UM3ERLYINO 


.MATRW 


i  ii 

!l 


!-t 


XAOO 


COBALT  X40  ALLOY 


SECTIONS  THROUGH  VARIOUS  NICKEL  &  COBALT  BASEDV 
ALLOYS  SHOWING  NATURE  OF  CORROSION  ATTACK;; 

'  i  ii 

AFTER  lOO  HR  TEST  AT  950“C  WITH  A  SALT  | 
CONCENTRATION  OF  5  PARTS  PER  MILLION.  if 


FIG.  10  (ront^ 


METAL  STRIP 
SUPPORTINO 
SPECIMEN  SURFACE 


SULPHIDE  «  OXIDE 
PENETRATION  INTO 
ALLOY 


xBOO 


COBALT  UMCO  SO  ALLOY  ( FORGED) 


REP 


FIG.  II 


•o 

>0 

I 


X  2B0 


NICKEL  C26  ALLOY 

SECTIONS  THROUGH  ALLOY  SPECIMENS 
AFTER  lOO  HR  CORROSION  TEST  AT  950  ®C 
WITH  A  SALT  CONCENTRATION  OF  50  PARTS  PER  MILLION 
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